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Abstract
The impact of viscoelastic dilute polymer solution drops on hydrophobic surfaces is re-visited in the context of
dynamic wetting. Dilute polymer solutions are widely used, for example, in the formulation of agrochemicals, printing
and additive manufacturing inks, and their drops have a tendency to stick to hydrophobic surfaces as opposed to
Newtonian drops of similar viscosity, which tend to bounce off. However, the physical mechanism responsible for
the peculiar impact behaviour of dilute polymer solution drops is poorly understood to date. This work attempts to
interpret the impact behaviour of dilute polymer solution drops in terms of wetting, using a modified Young-Laplace
approach in the neighbourhood of the unstable equilibrium corresponding to maximum spreading.
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Introduction
The wetting dynamics of dilute polymer solutions can be remarkably different from the case of simple Newtonian
liquids, revealing significant differences in the behaviour of the moving contact line during the spreading and/or
receding phase, in the amplitude of the dynamic contact angle, as well as in the intrinsic time of the phenomenon.
A well-known example is the so-called anti-rebound effect of polymer additives. When a droplet of water falls on
to a hydrophobic surface, such as the waxy leaf of a plant, the drop is often observed to bounce off. However, for
almost 20 years it has been known that the addition of very small quantities (≈100 ppm) of a flexible polymer such
as polyethylene oxide (PEO) can completely prevent rebound, by reducing the recoil velocity of the drop after the
inertial spreading of two orders of magnitude [1, 2]. This is surprising since the shear viscosity and surface tension
of such drops are almost identical to those of pure water.
Initially, the phenomenon was attributed either to the elongational viscosity [1, 2] or to normal stresses [3] arising
in dilute polymer solutions, and wetting was explicitly excluded from the potential causes. However, these early
approaches revealed a number of weaknesses [4], which suggested to reconsider an interpretation of the phe-
nomenon in terms of dynamic wetting, as initially suggested by Rozhkov et al. [5]. Particle velocimetry measure-
ments inside impacting drops [6, 7] demonstrated that velocities and velocity gradients are similar for Newtonian
and non-Newtonian drops, excluding a potential role of elongational viscosity. High-speed measurements of the
apparent dynamic contact angle of impacting drops [8, 9] showed that in dilute polymer solution drops the receding
contact angle is significantly smaller than in drops of pure solvent, in contrast to initial claims [1]. In addition, if the
dilute polymer solution is doped with fluorescent λ-DNA molecules, stretched DNA molecules can be observed on
the substrate behind the receding contact line [6], oriented in the direction perpendicular to the contact line. This
suggests the force balance at the contact line might include a polymer stretching component, which from a macro-
scopic point of view can be interpreted as an additional, dissipative force acting on the contact line and opposed to
its movement, or an effective contact line friction. by forced dewetting experiments of dilute polymer solution drops,
where the contact line velocity was controlled by removing the fluid with a syringe pump [10].
More recently, high-speed, high-magnification images revealed that, as opposed to pure water, the contact line
of dilute polymer solutions is pinned at several points on the impacting surface, and the polymer solution forms
dendritic structures and filaments on the substrate [11, 12], slowing down the recoiling phase and leading to the
formation of secondary droplets having diameter size comparable to the filaments width (15 µm). The ensemble
of polymer molecules stretching as the drop edge sweeps the surface provide the dissipative force necessary to
slow down the displacement of the contact line. This can be interpreted, from a macroscopic point of view, as an
additional, dissipative force acting on the contact line and opposed to its movement, or an effective contact line
friction. This also explains the reduction of the dynamic contact angle observed in experiments: to overcome the
action of polymer molecules on the contact line, the horizontal component of the surface force driving the droplet
retraction must be larger than in a Newtonian fluid, therefore the apparent dynamic contact angle must be smaller.
In the present work, the Young-Laplace force balance is modified by introducing an additional term representing
the polymer stretching force, obtained explicitly using the classical finite extensibility approach. The proposed
mechanism explains both qualitatively and quantitatively, in terms of orders of magnitude, the strong reduction of
the apparent contact angle and of the receding contact line velocity observed in dilute polymer solution drops as
compared with drops of pure solvent.
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Experimental observations
The impact morphology of dilute polymer solution drops impacting on hydrophobic sutfaces has been extensively
investigated experimentally, both from a qualitative and from a quantitative point of view. The main findings can be
summarised as follows:
• The contact line receding velocity of dilute polymer solution drops is at least two orders of magnitude smaller
than the receding velocity of drops of pure solvent [1, 2, 13];
• The bulk velocity of the fluid, as well as the velocity gradients, are similar in drops of pure solvent and drops
of dilute polymer solutions [5, 6, 7, 14];
• The receding contact angle of dilute polymer solution drops is significantly smaller than that of drops of pure
solvent, while the advancing contact angle is identical [8, 9];
• Polymer molecules deposited on the substrate can be observed after the transit of the receding contact line
[6, 14, 10];
• The receding contact line of polymer solution drops stretches microscopic liquid filaments in the radial direc-
tion, which cannot be observed in drops of pure solvent [4, 11, 12].
The main parameters that influence the drop impact behaviour are the impact Weber number, We = ρU2D0/γ,
where ρ is the fluid density, γ the surface tension, U the impact velocity,and D0 the equilibrium drop diameter,
and the polymer concentration; since most studies involve fluids of comparable shear viscosity, usually the other
dimensionless parameters relevant to drop impact, the Reynolds and the Ohnesorge numbers, are not cosidered.
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Figure 1. Side views of impacting drops, for impact Weber number We = 15; the initial time , tm, corresponds to maximum
spreading.
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Figure 2. Side views of impacting drops, for impact Weber number We = 80; the initial time , tm, corresponds to maximum
spreading.
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The maximum concentration of dilute polymer solutions is limited by the overlap concentration, which is often calcu-
lated using the Mark-Houwink relationship, co = aMb [17], where M is the molecular weight, and is of the order of
500 ppm for the most common long-chain polymers. In this regime viscosity and the relaxation time, τ , are approxi-
mately a linear and a square root function of the polymer concentration, respectively [18], while the surface tension
is approximately the same as the solvent on the timescale of experiments [19].
The typical morphology of dilute polyethylene oxide (PEO) aqueous solution drops with different polymer concen-
trations impacting on a PTFE surface during the retraction stage is displayed in Figures 1 and 2, respectively for
impact Weber numbers We = 15 and We = 80.
At maximum spreading, the contact angle is approximately the same for all polymer concentrations, irrespective of
the impact Weber number, and is equal, within the measurement error, to the advancing contact angle of water on
PTFE. During the drop retraction, the contact angle of polymer solution drops becomes significantly smaller than
the contact angle of water drops; however, one can observe that the receding contact angle magnitude strongly
depends on the liquid flow during drop recoil, which moves radially from the liquid rim to the centre of the lamella
and vice-versa, and determines the shape of the drop free surface. Thus, the apparent contact angle does not result
exclusively from the dynamic force balance at the contact line.
Figures 3 and 4 display, respectively, the dimensionless base diameter and the apparent contact angle during the
first 50 ms after impact, for impact Weber numbers We = 15 and We = 80. In both cases, the inertia-dominated
spreading is almost identical for all solutions, however there is a clear difference between the retraction dynamics
of water drops and that of any polymer solution; whilst water drops exhibit a fast recoil, eventually leading to full or
partial rebound after about 40 ms, where D/D0 → 0, and limited dynamic hysteresis between the advancing and
receding contact angles polymer solution drops have a slow retraction dynamics, characterised by ample oscillations
of the apparent contact angle (see Figure 4a).
t [ms]
0 10 20 30 40 50
D b
/D
0 [
-]
0
0.5
1
1.5
2
2.5
3
0 ppm
50 ppm
100 ppm
200 ppm
300 ppm
400 ppm
t [ms]
0 10 20 30 40 50
D b
/D
0 [
-]
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
0 ppm
50 ppm
100 ppm
200 ppm
300 ppm
400 ppm
*" *"
(a)" (b)"
Figure 3. Dimensionless base diameter of impacting droplets with different polymer concentrations, for impact Weber numbers
We = 15 (a) and We = 80 (b); the asterisk marks the instant of drop rebound.
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Figure 4. Average apparent contact angle of impacting droplets with different polymer concentrations, for impact Weber numbers
We = 15 (a) and We = 80 (b); the asterisk marks the instant of drop rebound.
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Figure 5. Contact line velocity (positive in the direction of recoil) of impacting droplets with different polymer concentrations, for
impact Weber numbers We = 15 (a) and We = 80 (b); the asterisk marks the instant of drop rebound.
These oscillations are associated with a peculiar stick-slip behaviour of the contact line, which has a sharp accel-
eration in the direction of retraction followed by a quick expansion, generating a series of local minima in the base
diameter time series (see Figure 3a); the local minima of the base diameter, i.e., the points where the contact line
velocity changes its sign, correspond to the local minima of the apparent contact angle. Such behaviour becomes
weaker at higher Weber numbers, where the base diameter decreases monotonically with only one stick-slip event
corresponding to the absolute minimum of the apparent contact angle, as shown in Figures 3b and 4b.
In all cases, the behaviour of polymer solution drops with polymer concentrations of 100 ppm and above is almost
identical, especially in the first stages of recoil, while polymer solution drops with a polymer concentration of 50 ppm
exhibit an intermediate behaviour between drops of pure water and drops of the other polymer solutions.
The contact line velocity, calculated from the base diameter data of Figure 3, is displayed in Figure 5. During the
initial 4-5 ms after impact, the velocity magnitude decreases steeply until the drops reaches the maximum spreading;
during this inertial spreading stage, the advancing contact line velocity of polymer solution drops is identical to that
of water drops, and independent of the polymer concentration. As the recoil stage begins, the contact line velocities
of water drops and polymer solution drops diverge; the receding contact line velocity of water drops is significantly
larger than that of polymer solution drops and exhibits large oscillations during which it may change sign (i.e., the
contact line may advance for short periods of time during drop recoil). In polymer solution drops, the receding
contact line velocity remains practically constant at the beginning of recoil, and then exhibits oscillations of smaller
amplitude than that of water drops, which are quickly dampened as recoil proceeds.
The comparison of Figures 4 and 5 also indicates that the contact line recoil starts when the contact angle is still
larger than 90◦. This inertial effect appears as a hysteresis loop dependent on the Weber number in the contact
angle vs. contact line velocity plot, and proves that the contact line dynamics of impacting droplets is not driven
solely by wetting.
Discussion
The hydrodynamics of the liquid wedge near the contact line during drop retraction can be modelled as the flow
between a fixed horizontal surface (the substrate) and a plate inclined at an angle θ (corresponding to the instan-
taneous value of the apparent dynamic contact angle), moving at velocity U , as shown schematically in Figure
6a. The minimum thickness of the liquid film, h0, must be no less than the unperturbed size of the polymer coils,
R0; for polyethylene oxide molecules in water, one finds R0 = 0.0888M1/2 = 178 nm, where M is the molecular
weight [16, 17], hence one can take an order of magnitude h0 ≈ 0.2µm. Polymer coils are subject to hydrody-
namic interaction with the solvent, with a characteristic Zimm time τZ ≈ 0.2ηsR30/kBT = 0.27 ms and a Rouse time
τR ≈ 2RhηsR20/pikBT = 0.41 ms, where ηs is the solvent viscosity.
At this point, it is important to note that the magnitude of U , i.e. the main parameter of the process, is not necessarily
equal to the contact line velocity during drop retraction. Previous works [4, 6, 7] show that while in water drops the
fluid velocity is the same as the velocity of the receding contact line, in dilute polymer solution drops the contact line
velocity is two or three orders of magnitude smaller than the bulk velocity of the fluid during retraction.
In a reference frame originating on the contact point, the velocity components parallel and perpendicular to the
substrate during drop retraction are, respectively, u ≈ Uy/h(x) and v ≈ ξ(θ)x, where h(x) ≈ θx is the liquid film
thickness and ξ(θ) is a positive function of the apparent contact angle (see Figure 6a). Since the order of magnitude
of the receding contact line velocity is U ≈ 10−2 − 10−3 m/s [1, 2, 6, 7, 9], UτZ/h0  1.
The velocity gradient of this flow field can be split into its symmetrical part, A =
1
2
(uy+vx) =
1
2
(U/h+ξ), associated
with a pure deformation, and its anti-symmetrical part ω =
1
2
(uy−vx) = 1
2
(U/h−ξ), associated with a pure rotation.
Since ξ(θ) > 0, ω/A < 1 therefore it is possible to have strong distortions of the polymer coils, even in the absence
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Figure 6. Schematic of the liquid wedge near the contact line (a) and schematic of supercritical coil-stretch transition [21] (b).
of elongational flow [20]. This corresponds to a second–order transition from coil to stretch conformation state, i.e.
with a constantly positive slope of the stretching ratio, l = r/L, where r is the polymer elongation and L the length
of the fully stretched chain, with respect to the order parameter ξ(θ) (i.e., dl/dξ > 0), as illustrated schematically in
Figure 6b [21].
Following the classical finite extensibility approach [22], the stretching ratio is related to the velocity gradient as:
l =
3
ZL−1(l)
1 + 16
(
U
h
+ ξ
)2
τ2
9l2
[L−1(l)]2
− U
h
ξτ2
 (1)
where τ is the relaxation time, which is given by [21]:
τ(l) ≈ τR
1 + 1
l
(2)
and L−1(l) is the inverse Langevin function, which can be estimated, for example, using Kroger’s approximation
[23]:
L−1(l) = 3l − (l/5)(6l
2 + l4 − 2l6)
1− l2 (3)
The resulting recall force of a stretched polymer coil is:
F =
kBTL
R20
L−1(l) (4)
Figures 7a and 7b display, respectively, the polymer molecule elongation, l = r/L, and the recall force of a single
polymer molecule as a function of the receding velocity, U , calculated from the numerical solution of Eqs. (1-4).
These figures show that in a shear layer corresponding to the cut-off thickness of the polymer solutions contact
line (h ≈ 0.2µm), one obtains appreciable stretching of polymer molecules for velocities U & 350 mm/s. Thus, the
receding contact line velocity (Figures 5a and 5b) is not sufficient to achieve a significant stretching.
Particle velocimetry measurements inside a recoiling droplet of a 200 ppm polyethylene oxide solution, in a hori-
zontal plane approximately 10 µm above the impact surface, indicate fluid velocities between 200 and 300 mm/s
[6, 7], which means the hydrodynamic conditions to induce a significant stretching of polymer molecules do not
occur during drop recoil after maximum spreading.
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Figure 7. Polymer elongation, l = r/L (a), and recall force of a stretched molecule (b) as a function of the fluid velocity, U.
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Thus, one must conclude the supercritical coil-stretch transition occurs during the inertial spreading of the droplet,
because of the large shear rates (of the order of 103 s−1) arising in the expanding lamella. This also explains why
at the very beginning of drop recoil there is no transient buildup of a polymer force on the contact line characterised
by a large retraction velocity; if polymer molecules are already stretched at maximum spreading, the magnitude of
the polymer force is maximum at the beginning of recoil.
Based on the ensemble of experimental evidence, one can formulate a hypothesis about the behaviour of polymer
solution drops impacting onto solid surfaces:
• The large shear velocity gradients in the lamella during the inertial spreading stage cause a spercritical coil-
stretch transition of polymer molecules; in these conditions, it was found polymers reach a mean fractional
extension l ≈ 0.5, characterised by a practically flat probability density between l ≈ 0.1 and l ≈ 0.7 [24]; this
is consistent with the direct observation of stretched DNA molecules [6] and of thin liquid filaments breaking
down with the well-known beads-on-a-string mechanism [11, 12] behind the receding contact line.
• At the beginning of drop recoil, i.e. when the contact line velocity changes sign, which occurs when the
contact angle is still > 90◦, the partially stretched polymer molecules on the de-wetted substrate induce a
recall force on the receding contact line, opposed to the contact line velocity, which acts to further stretch
polymer molecules in a similar fashion to molecular combing [25]; this can be interpreted, from a macroscopic
point of view, as an additional, dissipative force acting on the contact line and opposed to its movement, or an
effective contact line friction.
• The polymer force eventually decays exponentially in time, depending on the relaxation time of the polymer
solution.
The above process translates into the following expression for an overall average polymer force per unit length
acting on the contact line and opposed to its velocity:
FP =
√
n
kBTL
R20
L−1(0.5)
[
exp
(
t− t0
τS
)] −vR
|vR| (5)
where n = ρP c′NA/M is the bulk number density of polymer coils in the fluid wedge (rhop is the polymer density,
NA Avogadro’s number, c′ the volume concentration of the polymer, and M its molecular mass). The polymer
coils that are stretched as the contact line sweeps the substrate align in a thin layer at the bottom of the fluid
wedge, therefore their number scales as ≈ √n. According to Eq. (3), the value of the inverse Langevin function
corresponding to 50% fractional stretching is L−1(0.5) = 1.7958. Finally, vR is the receding contact line velocity, t0
the time corresponding to the start of recoil, and τS the relaxation time of the polymer solution, which in the case of
polyethilene oxide can be calculated using the following correlation [18]:
τS =
√
c
(
1.82 · 10−3[η]0 − 2.9 · 10−11[η]30 − 0.51
)
exp
(−0.0004T 2) (6)
where [η]0 = 0.0125M0.78 is the characteristic viscosity [17], c is the polymer mass concentration, and T the solution
temperature in ◦C.
The polymer force given by Eq. (5) is parallel to the impact surface, therefore it combines with the component of the
Young-Laplace force per unit length in the same direction [26]:
FY L = γ cos θP (7)
where γ is the surface tension, and θP the apparent contact angle of polymer solution drops.
The dimensionless Young-Laplace and polymer forces per unit length, FY L/γ and FP /γ, are plotted in Figure 8,
for different polymer concentrations and different Weber numbers. Firstly, one can observe the two forces have
the same order of magnitude, which suggests Eq. (5), obtained without any empirical adjustments to experimental
data, provides a realistic description of the phenomeon. Secondly, when the two forces are opposed the apparent
contact angle decreases, i.e. the Young-Laplace force grows, while when they have the same sign the contact angle
increases, therefore reducing the Young-Laplace contribution to the dynamic force balance, which in a system out
of equilibrium with receding contact line can be written as:
γ cos θP > FP (8)
This effect can be clearly observed at low Weber numbers (Figures 8a-8c), while at higher Weber numbers (Figures
8d-8f) the influence of the liquid inertia on the Young-Laplace force is predominant. Thus, although the proposed
mechanism explains both qualitatively and quantitatively (in terms of orders of magnitude) the strong reduction of
the apparent contact angle and of the receding contact line velocity observed in dilute polymer solution drops as
compared with drops of pure solvent, it cannot predict their values accurately because it does not account for inertial
effects.
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Figure 8. Dimensionless polymer force, FP /γ, and dimensionless surface force cos θ, for impact Weber numbers We = 15 (a-c)
and We = 80 (d-f), and polymer concentrations of 50 ppm (a,d), 200 ppm (b,e) and 400 ppm (c,f).
Conclusions
A modified Young-Laplace approach including a dissipative term representing the recall force of stretched polymer
molecules at the contact line is proposed to explain the impact behaviour of dilute polymer solution drops as opposed
to the behaviour of drops of pure solvent. Based on the ensemble of experimental observations in the past 20 years,
it was concluded polymer stretching occurs as a supercritical coil-stretch transition in the shear flow generated
during the inertial expansion of the drop on the target surface. Thus, the average polymer force can be modelled
following the classical finite extensibility approach.
Preliminary results are in qualitative and quantitative agreement with experimental data from drop impact experi-
ments, which however reveal the liquid inertia plays an important role in the drop impact dynamics.
Nomenclature
A symmetric part of velocity gradient [s−1]
c mass concentration [-]
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D drop base diameter [m]
F force [N]
h liquid wedge thickness [m]
kB Boltzmann’s constant [J/K]
L polymer molecule length [m]
l fractional extension of a polymer coil [-]
M molecular mass [Da]
m mass [kg]
NA Avogadro’s number [mol−1]
n number density [-]
R radius [m]
T temperature [K]
t time [s]
U velocity [m/s]
V contact line velocity [m/s]
Z number of monomers [-]
η viscosity [Pa · s]
γ surface tension [N/m]
ρ density [kg/m3]
τ relaxation time [s]
θ apparent contact angle [◦]
ω anti-symmetric part of velocity gradient [s−1]
L−1 inverse Langevin function [-]
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